Abstract. Geodetic studies have shown that deformation rates around several major strike-slip faults are asymmetric. This asymmetry is often explained in terms of a crustal-scale contrast in elastic properties across theη fault. Motivated by the fact that elasticity variations for different rock types under similar ambient conditions are generally modest, whereas effective viscosity may vary over orders of magnitude, we have developed earthquake-cycle models to evaluate whether contrasts in viscosity structure and effective plate thickness can explain observed asymmetric surface deformation. We find that an increased plate thickness contrast results in a more asymmetric surface velocity profile. Furthermore, for the same plate thickness contrast, asymmetry of the surface deformation is most pronounced in models with a low-viscosity substrate. Initially, strain rates are higher on the side with the thin plate, but late in the interseismic interval this reverses and the strain rates are higher on the side with the thick plate.
localized interseismic deformation around the fault (i.e., models with high substrate viscosities), we conclude that lateral contrasts in viscosity or effective plate thickness are not responsible for dramatic contrasts in strain rates across major strike-slip faults.
Introduction
Asymmetric surface deformation has been documented around the San Andreas Fault (Schmalzle et al., 2006 , Fialko, 2006 , Lisowski et al., 1991 , Prescott and Yu, 1986 and several other major, essentially vertical strike-slip faults (e.g. the North Anatolian and Sumatra faults, Le Pichon et al., 2005; and the Altyn Tagh Fault, Jolivet et al., 2008) . (Figure 1 shows profiles of GPS faultparallel velocities along transects crossing the San Andreas and North Anatolian Faults.) This asymmetry has often been interpreted in terms of an elasticity contrast across the fault, due to the juxtaposition of different materials (e.g. Lisowski et al., 1991; Le Pichon et al., 2005; Jolivet et al., 2008; Schmalzle et al., 2006) . Contrasts in elastic plate thickness (e.g., Huang et al., 2010) or substrate viscosity (Malservisi et al., 2001 , Lundgren et al., 2009 ) across the fault have also been suggested as explanations, as well as a horizontal offset in the position of the creeping fault at depth relative to the surface trace (Jolivet et al., 2008; Fialko et al., 2006; Meade et al., 2002) .
Here, we use viscoelastic earthquake-cycle models to assess systematically how lateral contrasts in plate thickness and viscosity structure influence surface deformation. For a range of parameter ranges, we estimate the extent to which the resulting asymmetric deformation would be interpreted in terms of contrasts in elasticity across the fault. We also address the extent to which symmetric, lateral contrasts in plate thickness affect surface strain rates around a strikeslip fault (and hence, the inferred slip rate and locking depth).
Models and Methods
We used the code Geophysical Finite Element Simulation Tool (GeoFEST), version 4.7, for finite-element modeling in this study (Parker et al., 2003) . The models comprise an elastic layer overlying a viscoelastic halfspace (which may be rheologically stratified), and are designed with lateral contrasts in elastic plate thickness and viscosities. Figure 2 provides a schematic of the three suites of models we address.
The FE meshes extend 500 km horizontally from the fault and are 500 km deep to minimize the effect of imposed boundary conditions on the solutions. They extend 100 km in the along-strike direction. Hexahedron (brick) elements are used, and elements range in dimension from 1 km near the fault to tens of km in the far field ( Figure 3 ). In all of the models, an infinite strike slip fault fully penetrates the elastic plate and the side boundaries move at a relative rate of 40 mm/ year parallel to the fault. Earthquakes are modeled at 200-year intervals (TC = 200 years). The bottom model boundary is free to move horizontally and vertically, and the top boundary is free (i.e., tractionless). For all models, elasticity is uniform, with Poisson's ratio (nu) = 0.25 and shear modulus (G) = 40 GPa.
Asymmetric Meshes
Three categories of earthquake-cycle models were developed for this study (Figures 2 and 3 ).
For one set of models, the plate thickness varies across the fault (D1 on the left, at x < 0 and D2 on the right, at x > 0), with a linear taper from D1 to D2 over a distance of w. For each scenario, we tested uniform viscosity values of 3.5x10 18 , 3.5x10 19 , and 3.5x10 20 Pa s. Given the shear modulus (40 GPa) these correspond to Maxwell times (TM = 2 η /G) of 5, 50, and 500 years. For a 200-year earthquake cycle, the Savage parameter (TC/TM) values are 40, 4, and 0.4, respectively. Values of D1, D2, w, and η are given in Table 1 , together with the model names.
For another set of models, localized thinning of the plate around the fault was tested (inspired by Chery et al., 2008) . For these models, we did not vary the geometry of the plate-thickness "divot", which is 40 km wide, 20 km deep, and centered at the fault (see Figure 2) . Viscosity values of 3.5x10 18 , 3.5x10 19 , and 3.5x10 20 Pa s were modeled in the substrate beneath the plate.
We also modeled the effects of viscosity contrasts for layered linear Maxwell and power-law rheologies, using a suite of models in which a contrast in viscosity (or power-law parameter AT) was modeled at x = 0. For power-law flow, the stress-strain rate relation is of the form (e.g. Bürgmann and Dresen, 2008) :
We define the power-law coefficient AT as:
This gives
This expression may be rewritten in terms of effective viscosity.
Models with AT values ranging from 10 36 to 10 37 Pa n s are presented here (n = 3). Models with higher AT did not yield cycle-invariant results within 100 earthquake cycles and models with lower AT were numerically unstable for our model meshes and time-stepping parameters (minimum step length of one day and time step multiplier set by GeoFEST). In the power-law models, the plate thickness D was set at 16 km.
Values of viscosity for the Maxwell viscoelastic models are shown on Table 1 . For the power-law models, Table 1 provides values of AT and stress exponent n.
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A Figure 3 , we obtain a better match to the analytical solution for 3.5x10 20 Pa s but for higher values (not presented) large element strains prevent convergence of the solution. Our mesh is optimized for the range in
Savage parameter values (TC/TM) we explore, and though our postseismic strain rate estimates are somewhat low for some models, comparisons among different models should not be affected.
Results
Lateral contrasts in plate thickness: Effects on velocity profiles
For the suite of models in which we assess the effects of a plate thickness contrast across the fault, we vary plate thickness contrast (Dr), width over which the contrast occurs (w), and substrate viscosity (η). D1 is 10 km for all of the models. Figure 5 shows three models in which the substrate viscosity is 3.5x10 19 Pa s, and only Dr is varied. As one would expect, a larger plate thickness contrast results in more asymmetric velocity profiles (Figure 5a ). Note that when the model side boundary velocities are symmetric about the fault (+Vo/2 and -Vo/2, respectively), the velocity of a point on the fault varies throughout the earthquake cycle. This is necessary to reconcile symmetric coseismic deformation with asymmetric interseismic deformation. Velocity profiles plotted relative to a point on the fault (Figure 5b ), show that the sense of asymmetry relative to the fault reverses over the earthquake cycle. Initially, most of the strain is on the side with the thin plate. Late in the cycle, this reverses and strain is greater on the side with the thick plate. 
Lateral contrasts in viscosity structure
Our suite of layered viscosity models (with a uniform plate thickness of 10 km) show behavior similar to the variable thickness plate models. When velocity profiles are plotted in the model's reference frame (with boundary velocities of +Vo/2 and -Vo/2), the higher-viscosity side shows less variability with time than the lower-viscosity side of the fault, and velocities at the fault (relative to the far field) vary with time ( Figure 8 ). When the velocity profiles are plotted relative to a point on the fault, it is apparent that the sense of asymmetry reverses with time between earthquakes, as it does for the variable plate thickness models. As expected, the asymmetry is larger for the model with the larger viscosity contrast (75AV13, panels a and b). The layered viscous models (75AV3L13 and 75AV3L13) show similar behavior. Figure 9 shows modeled velocity profiles for the power-law viscoelastic models. These profiles vary less with time than profiles for all but the stiffest linear viscoelastic models, and the lowerviscosity side for the asymmetric model shows more interseismic variation in velocity profiles.
As with the linear models, the sense of velocity-profile asymmetry reverses between t/TC = 0.05 and t/TC = 0.35. We experienced some computational challenges with the power-law models, and
show results for just one suite. For power-law models with smaller values of AT, instantaneous effective viscosities should be lower at all times. In this case the velocity profiles should vary more interseismically, yielding a larger inferred contrast in G but unreasonably low strain rates in the near field (and large inferred locking depths). The opposite should hold for models with larger values of AT.
3.3 Inferred elasticity contrasts from forward-modeled profiles Rybicki and Kasahara (1977) present a simple solution for surface velocities due to slip on a strike-slip fault at depth in an elastic halfspace with a contrast in shear modulus across the fault.
This solution, which is a modification to the classic arctangent solution of Savage and Burford (1973) , may be used to invert our forward-modeled velocity profiles at various times in the earthquake cycle for locking depth and elasticity contrast. This will indicate how a contrast in viscoelastic structure could be misinterpreted as an elasticity contrast. We perform a grid search over locking depth and elasticity contrast, computing residuals at 2-km intervals along a transect that extends 200 km on either side of the fault. Table 2 shows the results of this analysis. The summed squared residual (SSR) is summed for 200 points along the profile, and we assume a one-sigma GPS velocity uncertainty of 1 mm/yr. The average misfit at each GPS site (in mm) is the square root of 1/200 times the SSR. We also show the ratio of SSR to the total model variance (SSRo) on Table 2 because in some cases, even for poor fits, the SSR is small because the total model variance is also small.
Plate thickness contrast models
For the variable plate thickness models, we find that early in the interseismic interval, velocity
profiles cannot be fit to arctangent functions (so D cannot be estimated very well). Later in the cycle, the shear strain rate ratio on either side of the fault is equal to the plate thickness ratio, as suggested by Chery (2008) . Inferred locking depths are unreasonably large (> 100 km) and the inferred elasticity ratio is comparable to the plate thickness ratio.
At the intermediate viscosity value (3.5x10 19 Pa s), inferred locking depth increases substantially with time during the interseismic interval, and the sense of asymmetry reverses. Early in the interseismic interval, the strain rate is higher on the thick-plate side, so it appears to have a lower rigidity than the thin side. Fit to the elastic solution is poor early in the cycle, so this effect is only shown on Table 2 for the model with a factor-of-4 increase in plate thickness (CC312).
Later on, the thick plate side has the lower strain rate, giving it the appearance of having a higher rigidity. The inferred elasticity contrasts increase with contrast in plate thickness, to a factor of two late in the earthquake cycle for model CC312. The locking depth increases to over 35 km by 75% of the way through the interseismic interval.
At the highest viscosity value (3.5x10 20 Pa s), inferred locking depths are fairly stationary and are small enough to be consistent with GPS data from natural faults (13 to 30 km). Inferred elasticity contrasts from the forward-modeled velocity profiles are well below 10%, even for the model with the most extreme plate thickness contrast. The sense of inferred elasticity asymmetry reverses during the interseismic interval (as described above) for all three of the high-viscosity models. Figure 8b illustrates that for models with a contrast in effective viscosity across the fault, the sense of asymmetry reverses. Table 2 does not show this because at t/TC = 0.1, the velocity profile cannot be fit to an elastic model. As with the plate-thickness contrast models, the largest inferred elasticity contrasts are associated with very large locking depths (e.g., model 75AV13, with a factor-of-100 viscosity contrast, shows a factor-of-four contrast in inferred G but the inferred locking depth exceeds 100 km). Model 75AV23, with a factor-of-10 viscosity contrast, yields more reasonable locking depths and a more modest inferred elasticity contrasts (20 to 40%, Table 2 ).
Viscosity contrast models
The power-law model gives apparent R values of 1.05, 0.75, and 0.75 at t/TC = 0.05, 0.35, and 0.75, respectively ( Figure 9 and Table 2 ). The inferred locking depths for the same epochs are 12, 34, and 50 km. Late in the cycle these inferred locking depths exceed observations typical of major strike-slip faults, so these deviations from lateral homogeneity are upper bounds (i.e., effective viscosity contrasts across natural faults are likely smaller).
3.4 Locally thinned plate models Figure 10 shows modeled velocity profiles for thinned-plate models with low and high substrate viscosity values, compared with reference models assuming the same viscosities and a uniformthickness plate. In the reference models, the plate thickness is equal to that of the thinnest part of the plate in the thinned-plate models. The thinned-plate models yield more localized deformation than the reference models. For the model with Savage parameter TC/TM = 40 (η = 3.5x10 18 Pa s), late in the earthquake cycle, strain rates at the fault are almost three times their values at about 100 km from the fault (Figure 10a ). Though this ratio is consistent with the findings of Chery (2008) that the shear strain rate should be proportional to the plate thickness (see discussion), the absolute values of these strain rates during most of the interseismic interval are very low.
Furthermore, the ratio depends on the distance from the fault at which we define the "far field" strain rate: the strain rate varies with distance from the fault (approaching zero as x approaches infinity in the analytical solution). For models with a higher substrate viscosity ( Figure 10b ) the thinned-plate model yields a velocity profile which is nearly stationary throughout the cycle and similar to that for a buried, vertical shear dislocation creeping at a constant rate (Savage and Burford, 1973) . In this case, shear tractions at the base of the plate are large (exceeding tens of MPa). Table 3 shows how localized plate thinning affects inferred locking depth and slip rate. For higher substrate viscosities, models with a thinned plate yield more localized deformation and hence smaller locking depths late in the cycle, than the layered reference models. If slip rate is allowed to vary, velocity profiles from the thinned plate models with moderate to high viscosities (i.e. 40C20 and 75C21) give a slightly lower estimate of slip rate than the reference models (i.e.
40CC20 and 75UC103
). For models with a high substrate viscosity, a locally thinned plate reduces the inferred locking depth significantly. For models with a lower substrate viscosity, the locally thinned plate has a greater effect on inferred slip rate, but for these models, inferred locking depths are unreasonably large (i.e. over 10 times D for most of the interseismic interval).
To summarize, in thinned-plate models where the effective substrate viscosity is low enough to result in minimal shear tractions on the base of the plate during most of the interseismic interval, strain rates are far too low to explain GPS velocity profiles typical of strike-slip faults (locking depths of 12 to 25 km and inferred slip rates roughly comparable to geologic rates, e.g. Figure 1 ).
Furthermore, these models predict a large variation in the pattern of surface deformation throughout the interseismic interval, which is not seen around major strike-slip faults.
Discussion and Conclusions
Comparison with previous studies
Other studies have explored the effects of lateral contrasts in effective viscosity or plate thickness for strike-slip earthquake-cycle models. Assembled from a variety of sources, the results of these studies are consistent with what we have seen here. interseismic motion of a point on the fault trace. In their model, the plate thickness was uniform and a viscosity contrast across the fault was imposed. We see this effect in both of our categories of asymmetric earthquake cycle models. We also highlight the fact that the resulting interseismic reversal in deformation asymmetry around the fault may make interpretations of interseismic velocity data that invoke elasticity contrasts inappropriate. However, in models that localize strain rates to a degree that is consistent with observations (e.g., Reilinger et al., 2006 , Fialko, 2006 , Lisowski et al., 1991 , Figure 1) , viscosity values must be high and deformation asymmetry due to contrasts across the fault is minor.
Huang and Johnson (2010) Chery (2008) For models in which the depth interval of the channel was fixed and the channel width exceeded the plate thickness, near-field results were insensitive to the channel width and essentially equivalent to viscoelastic halfspace models. Far-field interseismic strain rates were less sensitive to time in the interseismic interval for all channel models, consistent with our findings.
Ramifications: Likely causes of deformation asymmetry
Models incorporating moderate substrate viscosities and a large contrast in effective viscosity across the fault suggest surface deformation asymmetry which should be easily detectable with GPS and inSAR. However, these models also produce large apparent locking depths (i.e., hundreds of km), and dramatic interseismic changes to both apparent locking depth and the sense of asymmetry. Such marked variations throughout the interseismic interval are not seen around major faults (e.g., Thatcher, 1983; Hearn et al., 2009 ). Time-dependent earthquake cycle effects, though likely present, appear to have a limited influence on the interseismic surface velocity field. Our models with η = 3.5x10 20 Pa s below the plate produce fairly stationary and localized deformation, but show very little deformation rate asymmetry. Hence a large asymmetry in surface deformation rate is unlikely to be due to a contrast in plate thickness or effective viscosity.
Seismic studies of continental crust also show that lateral elasticity contrasts at length scales comparable to the thickness of the upper crust are limited to a few tens of percent or less. This suggests that geometric effects (a creeping fault zone at depth which is offset from surface trace, or a dipping fault) or local elasticity contrasts are more likely explanations for velocity asymmetry around major strike-slip faults (e.g. Fialko, 2006; Jolivet et al., 2008; and Finzi, 2009 ). For extreme asymmetry, a geometrical explanation (dipping fault zone or shear zone offset at depth) is required. On the other hand, where observations of tremor in the lower crust outline a deep extension of the fault zone directly below the surface trace (Shelley, 2010) , deformation asymmetry must be explained in terms of a lateral contrast in elasticity, perhaps resulting from asymmetric damage, deep sediments on one side of the fault, or high pore-fluid pressures (Fulton et al., 2010) . We note that taken together, asymmetric and localized deformation throughout the interseismic interval are consistent with a thick-lithosphere model of the earthquake cycle.
Data and Resources
No data were used in this paper, with the exception of the GPS velocities shown on Figure Tables   Table 1  Model Parameters   Table 2 Inferred Locking Depth and Elasticity Contrast (Asymmetric Models) Table 3 Inferred Locking Depth and Slip Rate (Symmetric Models) 
Models with plate thickness contrast! 
Models with Viscosity Contrast
Model! ! ! D! ! η1! ! η2! ! interval ! ! ! (km)! ! (Pa s)! ! (Pa s)! ! (km)! 75AV13!! ! 15! ! 3.5e18! ! 3.5e20! ! >10 75AV23!! ! 15! ! 3.5e19! ! 3.5e20! ! >10 75AV3L13! ! 15! ! 3.5e18! ! 3.5e19! ! 15 to 40! ! ! ! ! ! ! 3 . 5 e 2 0 !! 3 . 5 e 2 1 !! 4 0 t o 6 0 ! ! ! ! ! 3.5e17! ! 3.5e18! ! >60 75AV3L23! ! 15! ! 3.5e18! ! 3.5e20! ! 15 to 40! ! ! ! ! ! ! 3 . 5 e 2 0 !! 3 . 5 e 2 2 !! 4 0 t o 6 0 ! ! ! ! ! 3.5e17! ! 3.5e19! ! >60
Models with Locally Thinned Plate
In general 40 earthquake cycles were run (20 for η = 3.5e18 Pa s). Leading numbers in filenames indicate the number of earthquake cycles that were run. 
Models with plate thickness contrast! 10 and 16 km plate!
10 and 25 km plate 
Models with viscosity contrast (D1 = D2 = 10 km)!
0e-04!! 0.0067 ______________________________________________________________________________ *RG is the inferred shear modulus ratio. 
Models with locally thinned plate* Arctangent velocity profiles for uniform and asymmetric (quarter-space) elastic models are
shown (Savage and Burford, 1973; Rybicki and Kasahara, 1977) . For the SAF and NAF, we assume a locking depth of 18 km and slip rates of 35 and 24 mm/yr, respectively. 
